Biofilms, such as those formed by the opportunistic human pathogen Pseudomonas aeruginosa are complex, matrix enclosed, and surface-associated communities of cells. Bacteria that are part of a biofilm community are much more resistant to antibiotics and the host immune response than their free-floating counterparts. P. aeruginosa biofilms are associated with persistent and chronic infections in diseases such as cystic fibrosis and HIV-AIDS. P. aeruginosa synthesizes and secretes signaling molecules such as the Pseudomonas quinolone signal (PQS) which are implicated in quorum sensing (QS), where bacteria regulate gene expression based on population density. Processes such as biofilms formation and virulence are regulated by QS. This manuscript describes the powerful molecular imaging capabilities of confocal Raman microscopy (CRM) and surface enhanced Raman spectroscopy (SERS) in conjunction with multivariate statistical tools such as principal component analysis (PCA) for studying the spatiotemporal distribution of signaling molecules, secondary metabolites and virulence factors in biofilm communities of P. aeruginosa. Our observations reveal that the laboratory strain PAO1C synthesizes and secretes 2-alkyl-4-hydroxyquinoline N-oxides and 2-alkyl-4-hydroxyquinolones in high abundance, while the isogenic acyl homoserine lactone QS-deficient mutant (ΔlasIΔrhlI) strain produces predominantly 2-alkyl-quinolones during biofilm formation. This study underscores the use of CRM, along with traditional biological tools such as genetics, for studying the behavior of microbial communities at the molecular level.
INTRODUCTION
Biofilms of the pathogenic bacterium Pseudomonas aeruginosa are associated with severe and persistent infections in patients afflicted with diseases such as cystic fibrosis (CF) and HIV-AIDS, leading to a high rate of mortality and morbidity among such patients 1 . The formation of biofilms of P. aeruginosa proceeds via a complex series of mechanisms. One such mechanism implicated in biofilm formation in P. aeruginosa is quorum sensing (QS). QS involves regulation of gene expression in response to the accumulation of cell-cell signaling molecules secreted by a certain "quorum" or population of bacteria. [2] [3] In P. aeruginosa, biofilm formation, the synthesis of virulence factors and secondary metabolites is regulated via a system of interconnected QS systems namely, rhl, las and pqs. The las and rhl QS systems are activated by N-acyl homoserine lactones while the pqs system is operated by a distinct class of aromatic signaling molecules called quinolones. 4 P. aeruginosa synthesizes and secretes over 50 different types of quinolones, the most noteworthy of which are 2-heptyl-3-hydroxy-4-quinolone, also referred to as the Pseudomonas quinolone signal (PQS), and its immediate precursor 2-heptyl-4-(1H)-quinolone (HHQ). [5] [6] In addition to the development of biofilms, surface motility and membrane vesicle formation, PQS has been implicated in the production of the blue, heterocyclic nitrogen containing virulence factor pyocyanin. [7] [8] Pyocyanin is present in high abundance (upto 100µM) in the sputum of CF patients and is often linked to progressive lung damage in CF patients suffering from P. aeruginosa infections. [9] [10] The vast impact of P. aeruginosa on human health coupled with the inherent structural and molecular complexity of its biofilm communities, necessitates the development of analytical tools for characterizing the spatial and temporal distribution of signaling molecules, metabolites and virulence factors secreted by the bacteria, at the molecular level. Confocal Raman microscopy (CRM) is one such powerful analytical tool that can be applied to probe the chemical dynamics of heterogeneous biological systems. [11] [12] The use of CRM provides sub-micron (diffraction limited) spatial resolution for constructing 3D chemical maps of the biological sample under study. [13] [14] For example, CRM imaging has been employed extensively in the biomedical sciences for studying the distribution of biomolecules within living cells, the diagnosis of cancer in vivo and identification of cancer biomarkers. [15] [16] [17] [18] Furthermore, compared to normal Raman spectroscopy, surface enhanced Raman spectroscopy (SERS) provides higher sensitivity along with the ability to probe biological samples exhibiting high auto-fluorescence.
The current work highlights the label-free imaging capability of CRM and SERS in conjunction with principal component analysis (PCA) for analyzing the distribution of quinolone signaling molecules and secondary metabolites in biofilms of P. aeruginosa wild-type, QS-deficient mutant and CF isolate strains. In addition, this study also underscores the advantages of using molecular imaging methods along with traditional microbiological tools for studying biochemical phenomena.
METHODS

Materials
Silicon substrates were purchased from WRS Materials (San Jose, CA) as 3-in-diameter wafer of Si (100), then scored and broken into 2×2 cm 2 tiles before use. Pyocyanin and quinolone standards: 2-heptyl-3-hydroxy-4(1H)-quinolone (Pseudomonas quinolone signal, PQS) and 2-heptyl-4-quinolone (HHQ), were purchased from SigmaAldrich (St Louis, MO) while 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) was purchased from Enzo Life Sciences (Farmingdale, NY). The standards were dissolved in HPLC-grade ethanol (Sigma-Aldrich), then deposited and air-dried on clean Si wafers for the Raman measurements. Sodium borohydride (NaBH4) and silver nitrate (AgNO3) were also purchased from Sigma Aldrich and used without further purification.
Colloid Synthesis
Colloidal silver solutions were prepared according to the standard protocol established by Lee and Miesel which resulted in 12-14nm nanoparticles. 19 
Biofilm Culture Methods
P. aeruginosa strains PAO1C, isogenic QS mutant deficient for AHL production and for rhamnolipid secretion (ΔlasIΔrhlI) 2 , and FRD1 (CF lung isolate) 20 were used in this study. Cell cultures were grown overnight at 37 ᵒ C with shaking at 240 rpm in modified Fastidious Anaerobe Broth (FAB) culture medium supplemented with 30 mM filter sterilized glucose as the source of carbon.
To grow static biofilms, 200 μL of overnight broth culture (OD = 1 at 600 nm) was pipetted onto either a 2 cm × 2 cm sterilized Si tile or gold coated Si tile placed in a Petri dish (each Petri dish holding three tiles). After allowing 10-15 min for bacterial attachment, the inoculated Si tiles were immersed in 18 mL of fresh FAB medium containing 450 μL of 1.2 M glucose and incubated at 37 °C until the desired growth time had elapsed. The tiles containing bacterial growth were carefully removed from the petri dish with sterile tweezers and allowed to dry for ∼1 h in a hood.
Pellicle biofilms (biofilms that form at the air-liquid interface) were grown in a test tube by inoculating 6 mL of fresh FAB medium containing 150 µL of 1.2 M glucose, with 200 µL of the overnight cell culture (OD=1 at 600nm) followed by incubation (without shaking) at 37 ᵒ C until the desired time of growth had elapsed. For SERS analysis 50 µL of the growth at the air-liquid interface was transferred to a sterile silicon tile, and 100 µL of silver colloid was added to the sample and allowed to dry in the dark.
21-22
Raman measurements and Data Analysis
Raman analysis was performed using a laser scanning confocal Raman microscope (Alpha 300R, WITec, GMBH, Germany), equipped with 532 and 785 nm focused lasers. The laser radiation was delivered to the microscope using a polarization preserving single mode optical fiber, deflected through a dichroic beam-splitter and focused onto the sample through the microscope objectives. Raman images from biofilms were acquired using either a coverslip corrected Nikon water immersion 60x objective (NA = 1) or a 40× air objective (NA = 0.6). Images were obtained by acquiring a full Raman spectrum from each image pixel (150 × 150, 100×100 or 80×80 pixels) over a desired region on the sample with an integration time of 100 ms per spectrum. Data processing software WITec Project 2.10 was used to remove cosmic ray spikes from Raman images. Principal component analysis was performed on the Raman images in MATLAB using previously established procedures. 
RESULTS AND DISCUSSION
Characterization of quinolones/quinolines in static biofilms of P. aeruginosa wild-type, QS-mutant and cystic fibrosis isolate strains
The distributions of quinolone signaling molecules and quinoline secondary metabolites were mapped in 2-day static biofilms of P. aeruginosa wild-type and QS-deficient mutant with Raman microspectroscopy. Raman spectra generated from regions of high quinolone/quinolone abundance from biofilms of both strains exhibited a very strong band between 1338-1376 cm -1 , which is attributed to the quinolone ring stretch vibration. In addition to the quinolone ring stretch, other vibrations associated with the quinolone ring were also observed in the Raman spectra, for example, -CH bending/twisting and C-O stretching centered at ∼1205 cm -1 pyridine ring stretch vibrations in the 1550-1600 cm at. 600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
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Raman Shift (cm ) Raman images, integrated over the 1338-1376 cm -1 filter, representative of the quinolone ring stretch vibration, were acquired from regions of high quinolone/quinoline abundance within the biofilm matrix. Subsequent principal component (PC) analysis of the Raman images generated PC loading plots that resemble spectra of quinolone/quinoline standards. PC loading plots generated from Raman images obtained from wild-type P. aeruginosa biofilms revealed the presence of two chemically distinct yet co-localized analytes within the biofilm matrix. PC1 ( Figure 2B ) exhibits a set of features with peaks at ~1372, 1461, 1556, and 1591 cm -1 , that resemble the spectrum of PQS standard (Figure 1 ) while PC2 ( Figure 2D ) exhibits features with peaks at 1357, 679, 715, 1205, 1435 and 1511 cm -1 , that bear a striking resemblance to the spectrum of HQNO standard (Figure 1 ). Other analytes, if present within the imaged regions, were below the limit of detection of CRM. On the other hand, PC2 loading plot ( Figure 3B ) generated from similar analysis of Raman images collected from 2-day biofilms of QS-deficient mutant strain ( Figure 3A ) reveals features with distinct peaks at ~1354, 1503, and 1171 cm -1 . This particular set of features is consistent with the presence of the HHQ family of quinolones, as evidenced by the congruence between the features in the PC1 loading plot and the spectrum of HHQ standard (Figure 1) . The observation that HHQ family of quinolones dominates the QS mutant biofilms versus the wild-type biofilm is consistent with the fact that HHQ is a precursor to PQS and the conversion of HHQ to PQS is regulated by the las QS system. Therefore, in the ΔlasIΔrhlI mutant strain the HHQ family rather than the PQS family of quinolones is secreted in high abundance. FRD1 biofilms exhibit significant auto-fluorescence, more so than PAO1C biofilms, presumably due to a greater abundance of fluorescent pigments secreted by the bacteria, such as the siderophore pyoverdin, which absorb light in the visible region of the electromagnetic spectrum. [29] [30] Contribution from fluorescence background can completely obstruct Raman signals, especially when Raman measurements are performed with a visible 532 nm laser 31 ( Figure 4 ). Therefore, in order to circumvent interference from auto-fluorescence in FRD1 biofilms, Raman measurements were performed using a 785 nm near infra-red laser. Comparison of representative spectra generated from FRD1 static biofilms. The spectra in red was collected using 532nm laser while the spectra in black was collected with a 785nm laser.
Raman images collected from quinolone "pools" in FRD1 static biofilms were integrated over 1359-1393 cm -1 filter to construct false colored images, one such image being shown in Figure 5(A) . Subsequent PC analysis of the Raman image generated a PC2 loading plot ( Figure 5(B) ) that bears features with peaks at ~1370, 1155 and 1597 cm -1 , reminiscent of the vibrational bands from the Raman spectrum of PQS standard (Figure 1 ). Furthermore, PQS and HHQ spectral signatures generated from the biofilm matrix exhibit a strong band between 1638-1676 cm -1 , which is assigned to a combined amide I stretch indicative of proteins and C=C stretch from unsaturated lipids. 15 The presence of the strong 1638-1676 cm -1 band in PQS and HHQ biofilm associated spectral signatures could be attributed to the fact that PQS and HHQ family of quinolones are packaged and transported in outer membrane vesicles, which are lipopolysaccharide structures derived from the bacterial cell membrane that deliver small molecule metabolites, proteins and DNA to bacterial cells. 32 
SERS Characterization of pyocyanin in pellicle biofilms of CF isolate strain FRD1
SERS imaging was employed for the in situ characterization of pyocyanin, which is an important virulence factor and biomarker for P. aeruginosa infection, in pellicle biofilms of FRD1. PC1 loading plot ( Figure 6A ) generated from the analysis of the SERS image from a 2-day FRD1 pellicle biofilm ( Figure 6B ) reveals features at ~1352, 1511, 1572 and 1600 cm -1 . 22 These high z-score features resemble SERS bands representing a combined C-C/C-N stretch and C-H bend at 1352 cm -1 , C-C stretch, CH3 wag and C-H in-plane bend at 1511 cm -1 present in the SERS spectrum of pyocyanin standard 33 ( Figure 6A inset). 
CONCLUSION
In this paper we describe the application of CRM and SERS for the in situ characterization of quinolone/quinoline signaling molecules and phenazine secondary metabolites synthesized and secreted by P. aeruginosa in biofilm communities. Furthermore, we show that challenges associated with Raman analysis of biological samples namely, sample auto-fluorescence and low sensitivity of Raman scattering may be circumvented by conducting Raman measurements in the near infra-red with a 785nm laser or employing SERS using silver nanoparticles. Finally, we also demonstrate the efficacy of CRM analysis in conjunction with PCA for non-invasively characterizing the products of genetic alteration in the P. aeruginosa QS-deficient mutant strain, which secretes mainly HHQ family of quinolones, since it lacks the genes involved in the production of the enzyme implicated in the conversion of HHQ to PQS. The outcome of this study underscores the usefulness of CRM for studying biochemical processes involved in the formation and growth of biofilms of P. aeruginosa at the molecular level.
